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Extraction of highly charged ions „up to 90 ¿… from a high-energy
electron-beam ion trap

J. W. McDonald,a) R. W. Bauer, and D. H. G. Schneider
Lawrence Livermore National Laboratory, Livermore, California 94550

~Received 27 October 2000; accepted for publication 25 September 2001!

The extraction of high-Z high-charge-state ions up to U901 from a high-energy electron-beam ion
trap, the SuperEBIT at Lawrence Livermore National Laboratory, is reported. The SuperEBIT
provides a 240 mA electron beam with up to 200 keV of energy. Depending on the operating
conditions~pulsed, continuous! and charge state, the number of ions extracted from the SuperEBIT
varies between 102 and 105 ions per second under the tested conditions. The ions produced in
SuperEBIT are extracted at potentials ranging from 0.5 to 20 keV~continuously variable! to provide
highly charged low-emittance ion beams with energies between a few keV and several MeV. The
performance of the SuperEBIT as an ion source is described and aspects for future developments
and potential applications are discussed. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1419216#
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I. INTRODUCTION

The electron-beam ion trap~EBIT! was developed1 as an
outgrowth of the original electron-beam ion source~EBIS!
concept of Donets.2 The first extraction of highly charge
ions and the employment of an EBIT as an ion source w
demonstrated in 1990 at the Lawrence Livermore Natio
Laboratory~LLNL ! EBIT, which has been in operation sinc
1989.3 Subsequently, we have extended this capability to
perEBIT and have extracted highly charged ions since 19
The successful operation of an EBIT as an ion source,
ferred to hear after as EBIT/S, for very highly charged io
has been demonstrated and extensively utilized in a num
of new experimental physics projects~see Refs. 3–5!. Inter-
actions between highly charged ions~charges of up to 901!
with low kinetic energy~<2 keV/amu! and solid surfaces
have revealed new physical effects associated with the l
Coulomb potential energy of such ions. At the LLNL EBIT/
facility we have investigated electron emission,6 sputtering
yields,7 x-ray fluorescence,8 and surface modifications,9 fol-
lowing the impact of highly charged ions with solid surface
The quality of the highly charged ion beams with regard
their low emittance allows speculation on the application
new nanotechnology methods~i.e., surface analysis10 and
modification on a nanoscale!.11 The low emittance of EBIT/S
or an EBIS-extracted ion beam makes their use as
sources for ion traps attractive. The ‘‘retrapping’’ into a cry
genic Penning trap of highly charged ions from an EBIT
has been demonstrated first by Schneideret al.12 Other
groups have established this capability or are in the proc
of doing so@University of Stockholm CRYSIS/SMILE~Ref.
13! and CERN EBIS/ISOLDE~Ref. 14!#. Sympathetic ion/
ion laser cooling has been demonstrated to cool hig
charged ions to very low temperatures~'1 K vs 105 K in
EBIT! by the LLNL group.15 This particular capability dem

a!Electronic mail: mcdonald6@llnl.gov
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onstrates possible schemes where ion traps are used to
duce ultracold charged particle beams. The trapping of
perEBIT ions would open up unprecedented possibilities
new physics studies involving up to H-like and bare high
ions.

This article describes the use of SuperEBIT as a sou
of highly charged ions. The first ion/surface test experime
were used to verify and diagnose the extracted ion spe
and to demonstrate the potential source capability. Since
provides the first demonstration of a highly charged i
source capable of producing slow uranium 901 ions, several
aspects for future ion source and accelerator technology
be addressed. We indicate here a few thoughts along
line. Because of the high charge states of the ions produ
in SuperEBIT, ion beams with kinetic energy of a few Me
can easily be produced by increasing the extraction poten
~i.e., 200 kV!.16,17

It is noted that an EBIT/S could be an option for a po
accelerator scheme of compact size and low cost to acc
ate heavy ions up to several MeV/amu as needed, for
ample, in proposed radioactive ion beam or medi
accelerator facilities. In such a scheme a relatively low
celeration potential applied to the highly charged ions wo
fulfill the needed acceleration requirements. However,
such, and other applications~e.g., material analysis! higher
ion intensities are required. They can be achieved by incre
ing the electron current, current density, and trap length~see
Table I!. A highly charged ion-beam intensity increase of
factor of 1000 would require an approximate increase
these quantities of a factor of 10~parameters for a high
intensity EBIT are given by Marrs18!.

The extracted ion yield depends on a variety of sou
parameters which need to be optimized for the desired
species, charge state, and ion temperature. It varies fro
few hundred per second for heavy highly charged ions up
a maximum of 105 per second for Xe441 with the presently
available source parameters and under current extrac
© 2002 American Institute of Physics
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31Rev. Sci. Instrum., Vol. 73, No. 1, January 2002 Extraction of highly charged ions
conditions. The number of ions extracted from SuperEBIT
small when compared to the number of extracted ions fr
standard low-energy EBITs such as those at NIST~Refs. 19
and 20! and Livermore,21 as is discussed below.

II. EXPERIMENT

From 1996 to 1998 we performed the first high
charged ion extraction tests on the LLNL SuperEBIT whe
fully stripped xenon (Xe541) and uranium ions with charg
states up to 901 ~helium-like uranium! have been extracted
The first operational EBIT, as described in Ref. 1, had b
extensively modified previously by Knappet al.22 to achieve
higher electron beam energies~i.e., 200 keV!. These modifi-
cations warranted a change in the designation of EBIT
SuperEBIT. SuperEBIT has been described in detail in R
22. The most significant of these modifications was the
crease of the electron–ion interaction energy brought ab
by the high-voltage configuration changes. The high-volta
modification consisted of placing the electron gun and c
lector on a high negative potential~i.e., 2170 kV!, which
when combined with the high positive potential~i.e., 130
kV! of the drift tubes, yields the effective electron-beam e
ergy. The drift tube mounting was modified to allow theor
ical operation of up to 40 kV, however, to our knowledge
has not been run above 30 kV and we ran it at only 20
The operation of an EBIT is based on successive ioniza
of atoms and ions nearly at rest by an energetic elec
beam. The electron beam is focused along the magnetic-
axis of a 3 T superconducting magnet and through three
tubes that form a longitudinal trap 4 cm in length. The ele
tron beam is compressed to a small radius~37–47mm! ~Ref.
23! and very high current density~up to '6000 A/cm2! by
the magnetic field. The electron beam radially traps the p
tively charged ions to complete the three-dimensional tr
The source of the electron beam is a Pierce-type electron
located about 50 cm below the trap. It is mounted on an i
plate with a magnet coil~bucking! wound around it such tha
the magnetic-field gradient can be nulled at the cath
surface.1 At the present time the maximum current record
is 240 mA,24 and this current is not achievable at maximu
potential. Since the maximum number of trapped ions is l
ited by the charge balance in the trap, higher electron-be
currents should allow for larger numbers of trapped ions. T

TABLE I. Operating conditions for the U901 ion beam~'2 keV/amu!.

Electron-beam energy 159 keV
Electron gun potential~cathode! 2152 keV
Drift tube potential~top/mid/bottom! 7.00/6.95/7.50 keV
Collector potential 2150 keV
Electron-beam currenta 50 mA
Electron-beam radius 40mm
Central current density 104 A/cm2

Total electron charges~in trap! 23109

Magnetic fielda 3 T
Confinement time 3 s
Extraction pulse length 20 ms
Trap lengtha 4 cm

aThese quantities can be increased by a factor of 10; the trap length inc
requires testing of the onset of possible plasma instabilities. To upgrad
present EBIT would require redesign including the cryogenic system.
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electron-beam stop or collector has a magnet wound aro
it to reduce the current density of the electron beam at
collector surface. The collector is cooled with an inert liqu
‘‘Multitherm 503.’’ The vacuum in the trap region ('5
310212Torr) is improved by the cryopumping generated
the cooling for the superconducting magnets.

Ion extraction is accomplished in one of two method
pulse mode and leaky mode. Typical trapping potentials
both extraction modes on the drift tubes are: bottom tu
57500 V, middle tube56800 V, and top tube57000 V. In
the pulsed mode, ions are extracted from the trap by rais
the potential of the middle drift tube above that of the t
drift tube. The middle drift tube is ramped up to 7400 V
50 ms to produce an ion pulse of about 20 ms duration
the leaky mode, the drift tube potentials are held constant
the ions are heated by the electron beam they gain suffic
energy to cross the potential barrier of the top drift tube a
leak out of the trap. The leaky mode was not employed
collect the data presented here. Ions must be reintrodu
into the trap periodically to replace the ions that are e
tracted. There are several methods of ion or neutral a
injection into the trap. The most widely used method is ne
tral gas injection through one of the two gas leak valves
the side ports of the superconducting magnet. A metal va
vacuum arc~MEVVA ! ~Ref. 25! can also be used to injec
low charged metallic ions~i.e., 1–31! into the trap along the
axis of the magnetic field.

A fundamental issue in all electron-beam–ion source
that the electron beam heats the ions in the process
ionization.26 This increase in temperature can lead to i
loss, thus reducing the net efficiency of the ion producti
In order to produce high-Z highly charged ions, it is essen
to provide evaporative cooling to compensate for the hea
of the ions by the electron beam.27 This is particularly critical
at high electron beam energies.1 The addition of light atoms
into the trap through one of the gas injectors provides eva
rative cooling of the heavy elements. The trapped ions ar
thermal equilibrium, and since the trapping forces are
rectly proportional to the charge of the ions, the low charg
ions ~i.e., Oq1,Nq1; 1>q>8! are not trapped as efficientl
as the high charged ions~i.e., Uq1, Xeq1; q.20!. This re-
sults in the low charged ions leaking out of the trap a
higher rate than the high charged ions, which removes m
of the kinetic energy that is added by the electron beam. T
cooling process allows for the production during extend
confinement times of very high charge states up to U921 ~see
Ref. 28!. The trapping potential, ionization time, an
electron-beam current and density determine the tempera
of the extracted ions.

The extraction of highly charged ions from SuperEB
was made possible by the addition of an upgraded extrac
beam line in 1996. Both LLNL EBIT ion extraction system
are similar to the system at the NIST EBIT.19,20 The extrac-
tion beam line and SuperEBIT are depicted in Fig. 1. T
extraction beam line components included an electrost
90° bender, einzel lenses, a 90° analyzing magnet, an
channel plate detector. After extensive modeling of the be
optics, usingSIMION 3D, the beam transport was upgraded
the inclusion of electrostatic quadrupole lenses and cylin

ase
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32 Rev. Sci. Instrum., Vol. 73, No. 1, January 2002 McDonald, Bauer, and Schneider
cally symmetric deflectors. With this upgrade the number
extracted Xe511 ions was found to exceed 103 per second.
The energy of the extracted ions was determined by the
tential of the high-voltage power supply summed with t
potential of the top drift tube, as is shown in Fig. 2.

We have extracted136Xe541 ions at 7 and 20 kV and
U86–901 ions at 7 kV. At 20 kV extraction, the Xe541 have
1.08 MeV of kinetic energy. The spectrum for momentu
analyzed136Xe ions is displayed in Fig. 3. The xenon g
source sample that we used in this experiment was isot
cally enriched to 90%136Xe. The gas atoms were injecte
through the gas inlet of SuperEBIT where they were ioniz
and trapped utilizing a 73 keV, 70 mA electron beam an
200 V longitudinal trap potential. These ions were extrac
after about 500 ms by ramping the potential of the mid
drift tube above that of the top drift tube~see Fig. 2!. In the
case of uranium the ions were injected from the MEVV
ionized and trapped utilizing a 159 keV, 50 mA electr
beam and a 50 V longitudinal trap potential. The injection
the U ions from the MEVVA takes less than 5 ms of the to
cycle time of 3 s. The U901 ions were extracted after about
s of ionization time. The relative yield of extracted ions
about 1000 per second for Xe541 and about 100 per secon
for U901. These rates agree favorably with predictions of
evolution of the ion charge state distributions within
EBIT/S that have been calculated by Penetranteet al.27 Fully
stripped U has been observed within the trap and the
direct ionization cross-section measurements of H-like U911

to bare U921 were performed on SuperEBIT operated with

FIG. 1. SuperEBIT and extraction system.

FIG. 2. Schematic representation of the floating high-voltage system
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198 keV, 200 mA electron beam and an ion confinement ti
of about 4 s byMarrs et al.28

A solid target positioned at 45° relative to the ion-bea
axis right after the electrostatic bender and a Si~Li ! detector
was employed to look for x-ray emission following the r
diative deexcitation of U911,921 ions interacting with the sur-
face. From the bare uranium ion production results repor
by Marrs,28 it can be estimated that less than a hundred 91

and about ten 921 ions per second would be produced
best in SuperEBIT at the given electron-beam energy. Th
is a large change in the potential energy as the twoK-shell
electrons from any ion are removed. At the electron-be
energies employed here, very few 911 and 921 ions are
expected. Taking the poor extraction efficiency into accou
one could expect only a few such ions to reach the target
create x rays with energies above 100 keV. However, n
were observed after several hours of counting and only s
rious indications for the production of these ions was in
cated on the x-ray emission spectra from the SuperEBIT t
We conclude that the low cross section for U911,921 ion pro-
duction, recombination, and beam transport inefficienc
made the extraction of such ions improbable at that tim
However, the extraction of more than a hundred U901 ions
per second demonstrates that the EBIT/S ion source tech
ogy is certainly one way to provide such ions. It woul
however, require substantial redesign and improvemen
the extraction path in SuperEBIT to produce useful yields
U911,921 ions.

The major difficulties that have been encountered in
operation of SuperEBIT as an ion source are the comprom
between stable ion and electron-beam transport in the sh
transport path~discussed below! and high-voltage stability.
The latter requires conditioning for any high-voltage mo
above'150 kV. The ion transport from the drift tube regio
to the electrostatic bender seemed to be correlated to the
voltage ~i.e., breakdown and recombination from increas
background electron emission!. Due to intrinsic misalign-
ment problems of these transport magnets it was necessa
reduce the electron-beam current to provide usable num
of extracted ions.

FIG. 3. Charge state analyzed extracted Xe spectra at 7 and 20 ke
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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33Rev. Sci. Instrum., Vol. 73, No. 1, January 2002 Extraction of highly charged ions
III. RESULTS AND DISCUSSION

The analysis of the extracted ions was performed in t
ways. First, they were momentum analyzed by the 90° be
ing magnet and counted by a channel plate detector. Sec
they were analyzed by collecting x-ray emission data follo
ing the interaction of136Xe531 and U901 on a Au surface at
normal incidence. The former method is described above
the results are shown in Fig. 3 for the case of136Xe ions. The
use of isotopically enriched source material helps to clea
identify the charge state distributions as demonstrated in
Xe extracted ion spectra. The extraction of relatively ‘‘col
ions and, therefore, low emittance ion beams, also help
separate the ion charge states in the momentum anal
spectra after the analyzing magnet. The transverse mom
tum of the extracted ion beam can be further be reduced
lowering the electron-beam current, thereby reducing
electron-beam–ion heating effects. This procedure is lim
by the trade-off between ion-beam emittance and the num
of extracted ions. The rate of electron-beam heating mus
taken into account in any new EBIT/S source design
higher-intensity electron beams. For estimates of the
heating rate as a function of the electron-beam heating,
refer the reader to Penetranteet al.27 It is noted that at very
low electron-beam currents the achievable momentum r
lution for the extracted ions possibly allows EBIT/S sourc
to be used for isotope analysis. For the case of the extra
U ions, the individual charge states could not be resolved
to isotopic contamination of the uranium used in t
MEVVA. This could be improved by using isotopically en
riched uranium metals in the MEVVA electrodes. We ha
used a Si~Li ! detector to measure the x-ray emission follo
ing Xe and U ion impact on a surface. The spec
(FWHM'160 eV) are depicted in Figs. 4 and 5 for Xe a
U, respectively. In the case of Xe531 these spectra clearl
show Ka, Kb, and Kg transitions. The presence of the
transitions following radiative deexcitation confirms th
charge state of the momentum analyzed hydrogen-like Xe531

ions. In the case of U901, Fig. 5 showsLa, Lb, and Lg
transitions, where the centroid energies of these peaks
firms the presence of U901 as the U ions approach th

FIG. 4. Hollow atom x-ray spectra with Xe531 Ka, Kb, andKg lines from
radiative deexcitation of Xe531 ions on a surface are shown.
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surface.29 The centroid energies for the Xe and U peaks
in good agreement with transition energy calculations for
‘‘hollow atom’’ configuration.29 In the hollow atom forma-
tion scenario, electrons are drawn out of the solid surface
to the potential of the approaching highly charged ion. So
of these electrons are captured into high-n states of the ap-
proaching highly charged ion and partially screen its pot
tial. Due to the short time the ion spends above the surfa
on the order of a few femtoseconds, complete relaxation
the ion is not possible. The approaching ion may acqu
sufficient electrons to completely neutralize its charge,
the inner shells remain vacant. It is the radiative deexcitat
of these inner shells that occurs as the hollow atom p
etrates the first layers of the surface that produce the cha
teristic inner shell transitions.30 From the x-ray measure
ments ion yields of'103 for Xe541 and'102 for U901 per
second are estimated.

In general, the number of lower charged ions~less than
about 601! that are extracted from an EBIT is small whe
compared to an electron cyclotron resonance~ECR! source,
however, the situation is reversed at higher charge st
~greater than about 601!. The performance of an ion sourc
is often stated in terms of the emittance. In the simples
terms, emittance is the ratio of transverse to longitudinal m
mentum of the ions in the beam. A small emittance impl
that more of the ion beam that leaves the source gets to
target. We have estimated the emittance of the extracted
beam.8 Emittance is defined ase5prr 8, wherer is the ra-
dius of the beam in mm at a waist andr 8 is its divergence
angle in mrad. The emittance is then the area of the ellips
phase space containing roughly 50% of the beam inten
While the beam optics change the radius of the beam,
emittance is conserved. The expected emittance of
EBIT/S ~or EBIS! can be calculated from the properties
the trapped ions. The normalized emittance is defined aen

5(v/c)e, wherev is the ion velocity, which is conserve
and can be directly related to the ion temperature and volu
of the trapped ions. The un-normalized emittance can be
pressed as

FIG. 5. Hollow atom x-ray spectra with U901 La, Lb, andLg lines from
radiative deexcitation of U901 ions on a surface are shown.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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e5pr 0AkTi

qU
,

where Ti is the temperature of the trapped ions,r 0 is the
radius of their confinement volume,U is the ion acceleration
potential, andq is the ion charge. Computer simulation es
mates of the temperature of trapped ions in EBIT/S predi
temperature that is mainly determined by the trapping po
tial Vwell ~i.e., kTi'0.1qVwell!.

27 This prediction agrees wel
with temperature measurements performed on Ti221 ions us-
ing in situ x-ray emission spectroscopy.31 The radius for the
ion plasma used here has been estimated as follows: S
kTi /q is close to the 14 V space charge potential at the
mm electron-beam radius, we expect that the ion confinem
radius is about the same as the electron-beam radius an
r 0535mm. Furthermore, we assume thatkTi /q'0.1Vwell

520 eV for a 200 V well at the beginning of the extractio
ramp and an extraction potential of 20 kV. With these
sumptions, the expected emittance ise'1.1p mm mrad.
This value is in good agreement with the experimentally
duced value using a two collimator system. For the case
the Xe441 ions, the emittance was measured by focusing
ion beam through two collimators separated by 230 mm~see
Fig. 1!. The first collimator was an adjustable slit system
to 1 mm. The second collimator was a 3-mm-diam hole in
annular channel plate detector. The ions were focused on
target and electrons emitted from the target were counted
the channel plate to measure the ion flux. This measurem
sets an upper limit on the emittance of 1p mm mrad on the
ions that pass through both collimators. This crude meas
ment is considered valid since over half of the extracted i
can be made to pass through both collimators onto the de
tor. It should be noted that this measurement is performe
the end of the beam line and the extracted beam has
subjected to effective collimation by the upstream beam
components~see Fig. 1!. No measurements of the total num
ber of ions lost in transit from the trap to the detector ha
been made. The relationship between pulse width, the ra
the extraction, and emittance have not been measure
SuperEBIT thus far. The emittance dependence on trap
rameters has been measured on EBIT II and the decrea
the emittance with decreasing ion temperature has been
tablished mainly through reduction of the electron-beam c
rent. It is, furthermore, noted that the intrinsic characteris
of the EBIT/S to produce low emittance ion beams can
improved by designing the top drift tube in such a way tha
can act as an einzel lens during extraction and through b
alignment of the primary electron-beam transport system
tween the trap and the electron collector~i.e., transport mag-
net alignment!. The 20 kV extraction of Xe demonstrates th
potential use of an EBIT/S as a table top accelerator or
jector, and an EBIT/S on a 200 kV platform using 801 ions
would deliver beams of 16 MeV.

The ion extraction efficiency at SuperEBIT is limite
because of the alignment of several axial magnet coils
guide the high-energy electron beam from the trap region
the collector over a distance of'1.5 m. These alignmen
issues include the necessity of transporting both the h
energy electron beam and the extracted ions simultaneo
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through common beam optics. The design of the electr
beam transport was not originally intended to transport
extracted ions and is, therefore, not optimized for ion tra
port. During ion extraction operation the electron-bea
transport magnets must be adjusted such that a compro
between electron-beam transport efficiency and ion ext
tion efficiency are reached. This compromise limits the be
energy, current, and number of ions that can be extrac
while maintaining stable operation with low bremsstrahlu
radiation.

We have demonstrated the ability to produce lo
emittance fully stripped Xe ion beams at MeV energies.
have also succeeded in extraction of beams of heavier
up to helium-like uranium beams with low emittance. T
possibility to produce and extract the highest charge state
and the use of high electrostatic extraction potentials dem
strates a capability to readily produce low-emittance hig
charged heavy-ion beams at MeV energies. These capa
ties suggest the possibility of applications such as heavy
injection for high-energy accelerators or ion implantati
schemes. Future development will focus on increasing
number of ions by applying more intense electron beams
higher current density to increase the radial space cha
potential. However, a higher current density will lead
greater heating of the ions by the electron beam and a re
ing increase in the emittance. In the current SuperEBIT
length of the trap is physically limited by the length of th
field magnets.
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